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For many applications of dielectric elastomer actuators, it is desirable to replace the carbon-grease electrodes with stretchable, solid-state electrodes. Here, we attach thin layers of a conducting silicone elastomer to prestrained films of an acrylic dielectric elastomer and achieve voltageactuated areal strains over 70%. The influence of the stiffness of the electrodes and the prestrain of the dielectric films is studied experimentally and theoretically. Since Pelrine and coworkers showed that large deformations of up to 158% areal strain can be achieved with electrostatic actuators based on prestrained acrylic elastomer films, 1 polymer-based actuators, often referred to as dielectric elastomer (DE) actuators, gained an increasing attention in the scientific community. [2] [3] [4] [5] [6] [7] [8] [9] Both experimental and theoretical studies have been carried out over the last 12 years to investigate the fundamental properties of such devices, 2, 4, 6, 7, 9 and numerous potential applications ranging from artificial muscles, 7 to optical components, 3, 5, 8 have emerged. An important factor governing the performance of DE actuators is the nature of the electrodes. 7, 10, 11 The electrodes need to exhibit sufficient electrical conductivity (typically on the order of 10 À7 S/m for actuation on a time scale of 1 s) and low elastic modulus (compliance) not to impede actuation. They must also adhere to the dielectric film to prevent slippage between the electrode and the dielectric film during actuation and to provide mechanical integrity for the overall assembly. Compliant electrodes made of carbon grease or graphite powder have been commonly used in most experimental studies because they combine electrical conductivity with negligible elastic modulus. 11 Despite enabling high actuation amplitudes, these electrodes exhibit poor structural stability which constrains the integration of such actuators into other systems. All-polymeric actuators with "solid" composite elastomer electrodes can overcome such limitations while providing actuation with practically relevant amplitude. 3, 8, 12 Moreover, while actuators with fully compliant electrodes have to rely on a rigid frame to maintain the prestrain of the dielectric membrane, the use of solid electrodes may enable the development of frame-free actuators: When released from the frame, the dielectric membrane retains a fraction of its prestrain while the electrodes are compressed. This is expected to lead to an improved actuation performance compared to non-prestrained frameless actuators, similar to what has been observed in studies with interpenetrating polymer networks. 13 To date, no systematic studies have been conducted to understand the limitations imposed by solid electrodes on the performance of DE actuators. In this Letter, we report on model simulations of DE actuators with solid electrodes of varying stiffness and compare these with actuators comprised of VHB 4910 acrylic DE film 4,14 (3 M, St. Paul, MN) and crosslinked carbon black/poly(dimethylsiloxane) (CB/PDMS) conducting elastomer (CE) electrodes. The acrylic DE film was chosen based on its low shear modulus of 73 kPa (determined from a measurement of Young's modulus) and over 800% linear strain before failure, which makes it a popular choice for DE actuators (Table I ). The PDMS-based CE electrodes exhibit a comparably large shear modulus of 300 kPa (Table I) and thus impose significant mechanical impedance on the mechanical response during actuation tests if they have a thickness comparable to that of the DE. We measured that they provide conductivities of 0.1 to 10 À3 S/m in the range from 0 to 100% linear strain and do not fail mechanically up to about 150% linear strain, which is a sufficient strain level for actuator applications. The mechanical properties of DE and CE films are summarized in Table I . In the following, we show that replacing fully compliant (e.g., carbon grease) electrodes with stiff elastomeric ones yields actuators with qualitatively the same performance characteristics that can still achieve areal strains up to 77%.
For our simulations, we consider the actuation of a perfectly dielectric membrane under equi-biaxial prestrain, as shown in Figure 1(a) . In the reference state, the square DE membrane of length L and thickness H 0 is subject to no force and no voltage. In the prestretched state, subjected to an equi-biaxial force P, the membrane assumes a length k pre L and a thickness H 1 . The prestretched membrane is in mechanical contact (no slip) with electrodes of combined thickness H 2 that exhibit no stress. In the actuated state, subject to both the force P and the voltage U, the membrane and the electrodes expand in area and decrease in thickness. With the changes in thickness being h and the length l, we define the following parameters: stretch k ¼ l=L, stress r ¼ P=ðlhÞ, and the electric field E ¼ U=h. The membrane is taken to be incompressible, so that
DEs show pronounced strain-stiffening. 14 To account for the effect of strain-stiffening on actuation, we write the stress-strain relation by adopting the Gent model. 15 The equation of state takes the form 16 Pk k
where 17 This equation defines the stretch k of a membrane subject to given values of P and U. The shear modulus of the DE film was chosen as l A ¼ 50 kPa, such that a good agreement between theory and actuation experiments (under prestrain) was observed. This value is lower than the one reported in Table I which is likely the case because of the higher strain rate used in tensile testing compared to strain rates typically achieved in actuation tests (see below). For the DE, e ¼ 4:11 Â 10 À11 F=m and the electric breakdown voltage U EB ¼ hE EB , with a constant value of the electric breakdown field set to E EB ¼ 200 MV/m. J A lim was set to a value of 125. 18 The shear modulus of the CE electrodes was set to the experimentally determined value of l B ¼ 300 kPa, and we assumed a neo-Hookean stress-strain relation since the CE will not experience more than %30% linear strain which results in J B lim ¼ 1. We plot the electromechanical response of actuators with electrodes of different stiffness (Figs. 1(b)-1(d)). The behavior of an actuator with fully compliant electrodes (zero shear modulus) has been previously reported 19 and is shown in Figure 1(b) . At k pre ¼ 1.5, the voltage-strain curve shows a local maximum before intersecting with the electrical breakdown curve, and the actuator fails by electromechanical instability once the local maximum of the curve is reached. The tangential shear modulus of the DE l tangent (at U ¼ 0 V) is reduced to 30.6 kPa due to the presence of the force P which contributes to the increase of the mechanical response of the actuator. Qualitatively, the same behavior is observed at k pre ¼ 2. However, l tangent is slightly increased to a value of 38.1 kPa. At k pre ¼ 3, the voltage-strain curve increases monotonically, and l tangent > 66 kPa due to the hyperelastic characteristics of the DE. In this case, the maximum strain of actuation is limited by electric breakdown; and, due to elimination of the instability, the membrane can achieve large actuation strain. The transition from the occurrence of electromechanical instability to stable behavior occurs at k pre % 2.3.
The electromechanical responses of the actuators with solid electrodes of total thicknesses H 2 ¼ 100 lm and H 2 ¼ 200 lm are displayed in Figures 1(c) and 1(d) , respectively. Not surprisingly, increasing the thickness (stiffness) of the CE electrodes results in smaller actuation strain at the same applied voltage. Similar to the case of fully compliant electrodes, as the prestrain of the dielectric membrane increases, actuators with solid electrodes exhibit a transition from unstable to stable behavior. However, this transition occurs at increasing levels of prestrain as the electrode thickness is increased (k pre % 3.1 for H 2 ¼ 100 lm and k pre % 3.5 H 2 ¼ 200 lm). Thus, a DE actuator with solid electrodes only allows for large actuation amplitudes if k pre is sufficiently large and the electrode modulus is sufficiently small such that the electromechanical instability is suppressed. In other words, increasing the stiffness of the electrodes of an actuator operating in the electromechanically stable regime can render it unstable.
Using crosslinked CB/PDMS electrodes and prestrained DE membranes made from VHB 4910 acrylic adhesive film, 4, 14 we assembled actuator devices to put these theoretical results to an experimental test (Fig. 2) . Depending on the desired thickness of the DE membrane, either a single layer or two stacked layers (double layer) of as-received 1 mm thick VHB adhesive were manually prestretched and attached to a cardboard frame with a 30 by 30 mm 2 opening. We prepared CB/PDMS composite CE electrodes with a CB concentration of 3 wt% following a recipe similar to the one previously established for graphene-reinforced conductive silicone elastomer electrodes (see Supplemental Material, 26 SM). 8 Electromechanical testing of the actuators was done by applying triangular voltage ramps to the devices, such that viscoelastic effects are minimized. Simultaneously, images of the actuator were recorded with a CCD camera at a rate of about 0.35 Hz. After each actuation cycle, the sample was allowed to rest for a period of about 5 min until a subsequent voltage ramp was applied. More details about the experimental procedures can be found in the SM. Also areal strain is calculated from the radial deformation of the actuator as e area ¼ ðd=d 0 Þ 2 À 1. This is done to reduce artifacts induced by the buckling of the actuator during the experiment (Fig. 2(e) ), which renders data, obtained by measuring the projected surface area changes of the actuator directly, inaccurate: In the direction perpendicular to the buckles, the extension of the projected (apparent) electrode diameter is strongly reduced, while in the direction parallel to the wrinkles this error is less significant. We therefore analyze the linear actuator extension in a direction parallel to the buckles and thus reduce the error compared to a direct area measurement. The reduction of apparent actuator strain due to buckling is a well-known effect, which has already been described by Pelrine et al. 1 It has been attributed to mechanical instabilities of the actuator, 20 and sophisticated measurement techniques have been developed to account for this effect. 21 Since the effect is well known and since the primary objective of this work is to investigate the impact of solid electrodes, buckling effects are not explored further and not taken into account in our model.
In Figure 2 (f), we show applied voltage and e area as a function of time. While the voltage reaches its maximum value of 16 kV at t ¼ 80 s, maximum actuation of e area ¼ 77% is achieved at about t ¼ 85 s. Thus, there is a temporal delay between the applied voltage and the mechanical response of the actuator. This effect can be attributed to the viscoelastic properties of the DE film. 4, 22, 23 As a consequence of this phenomenon, the measurement of actuator properties depends on the time scale of the experiment (i.e., voltage scan rate). When using a triangular voltage protocol, maximum actuation is achieved neither at maximum applied voltage nor at maximum electric field as will be seen below. In order to determine the electric field experienced by the DE film, we calculate the change in DE film thickness h from the change in area assuming constant volume (Fig. 2(g)) , and E ¼ U=h.
Results at two different scan rates for the actuator shown in Figures 2(d)-2(g ) are compared in Figure 3(a) , where we plot e area as a function of E. For any given applied electric field, at higher scan rate a smaller strain is achieved. The points where the maximum voltage of 16 kV is reached are marked with red circles, indicating that both e area and, to a smaller degree, E continues to increase for a certain amount of time after the voltage scan direction is reversed. Once E ¼ 0 MV/m is reached at the end of the cycle, a significant remanent strain is observed which slowly decays to zero within a few tens of seconds. These hysteresis effects are more pronounced in the case of high voltage scan rate. Accordingly, at 800 V/s, a maximum areal strain of only 61% is obtained, while at the smallest scan rate of 200 V/s, 77% strain is achieved. These observations emphasize that care needs to be taken to control hysteresis effects resulting from viscoelastic phenomena. While voltage scan rates smaller than 200 V/s reduce hysteresis further, we chose to conduct the tests described in the following at scan rates of 200 V/s, so that experiments were completed within a few minutes and actuator fatigue was minimized. In the following, we vary geometrical parameters of our actuators to show their impact on electromechanical response and compare these experimental results with model simulations for those specific actuator geometries. By varying the thickness of the DE film, we can change the relative stiffness of the solid electrodes compared to the DE film without varying our electrode fabrication protocol. In Figure 3 (b), we compare results obtained with single and double layer DE films under identical prestrain of 250%. Prior to actuation, the thickness of the single layer DE film was 82 lm and that of the double layer DE film was 163 lm. We therefore reduced the scan rate in the experiment with the single layer film to 100 V/s so that viscoelastic effects, which depend on the strain rate, occur at a similar magnitude. The combined electrode thickness was 120 lm for both cases, resulting in electrode/DE thickness ratios of 1.5 and 0.7 for single and double layer DE, respectively. During testing, the maximum applied voltage was increased from cycle to cycle in increments of typically 0.5 kV until eventually electrical breakdown occurred. The data shown correspond to the cycle with the maximum peak voltage that did not result in breakdown. Thus, the maximum electric field achieved during the actuation cycles in Figure 3(b) is representative of the breakdown field of the actuator. For a given value of E, the thicker DE film yields larger strain than the thinner film, because, due to the smaller thickness ratio, the electrodes cause less mechanical impediment to the extension of the DE. Further, both higher electric field and ultimate strain are achieved with the thicker DE layer.
In Figure 3(b) , we also show e act as a function of electric field for an actuator with a double layer DE prestrained to only 150% and electrodes of 120 lm combined thickness. We observe that compared to the DE films with 250% prestrain, larger strain is achieved at equal electric field due to the small electrode/DE thickness ratio of 0.4. Additionally, lower prestrain results in a smaller value of l tangent , and the softer DE film is more easily compressible. On the other hand, the maximum strain is less than half the maximum strain of the actuators with highly prestrained DE. This is possibly the case because the softness of the film results in early failure due to electromechanical instability. Our experimental results are summarized in Table II .
To better understand the variations in actuator response, we performed numerical simulations with actuator geometries that correspond to the experimental configurations (Fig. 4) . The results for the actuators with DE films of different thickness and 250% prestrain are compared in Figure 4 (a). We find that theoretically no electromechanical instability is present. Consequently, the maximum strain is limited by the breakdown strength of the DE (red dots in Figure 4(a) ). Both the theoretical result and the experiment show that larger ultimate strain can be achieved with the thicker DE film. Figure  4 (b) shows that at lower prestrain of only 150% the electromechanical instability is not suppressed. The experimental curve initially follows the theoretical data but only reaches about 30% of the strain level that is expected from theory.
We hypothesize that the low values of maximum strain achieved in the experiments, in particular, in the case of Figure  4 (b), are due to heterogeneities in the DE film and in the electrodes used for the experiments. These heterogeneities may be attributed to the manual pre-stretching procedure, potentially yielding variations in the thickness and structure of the DE film. In the case shown in Figure 4 maximum achievable experimental actuation in Figure 4 (a) appears to indicate premature failure and may be related to such heterogeneities as well. Furthermore, it has been shown that under conditions similar to ours, prior to electrical breakdown, mechanical failure, i.e., stresses exceeding the mechanical strength of the DE film, may lead to the failure of the actuator in the case of high prestrain where the electromechanical instability is suppressed. 24 Another source of deviation between theory and experiments is the difference in the way prestrain is generated. Theory assumes that the membrane is subjected to homogeneous deformation under a constant (strain-independent) biaxial dead load. 23 This condition is not realized in the experimental setup as the DE film is constrained within a rigid frame (Fig.  2(a) ). The presence of a rigid frame can be expected to impose a significant mechanical constraint onto the voltage-induced actuation of the active area and thus to cause apparent additional strain hardening. Furthermore, deformations in the passive regions of the DE film adjacent to the active area are not taken into account in the model, as they require the solution of a more complicated boundary-value problem. 19 Lastly, the theory employed here assumes that the DE membrane is perfectly elastic and does not exhibit any strain rate dependence of its mechanical response, which is obviously not the case in the experiments. 23, 25 While these latter two aspects have been incorporated in theoretical models before, 19, 23, 25 we decided to follow a more basic approach here, which yields qualitatively the same results. Using a more sophisticated model is not expected to cause a substantial improvement of the agreement between modeling and experiments as most of the observed deviations are due to experimental shortcomings discussed above. For tests that are targeted towards measuring the actuator response to voltage pulses, incorporating viscoelastic effects is not only necessary but may also yield additional insights into the effects of solid electrodes.
To summarize, we demonstrated that actuators with fully compliant and those with solid electrodes show qualitatively the same response to applied voltages. While the actuation amplitudes are reduced with solid electrodes, we still observe a transition from electromechanically unstable to stable characteristics, which allows for large actuation amplitudes. The dependence of the mechanical response on the prestrain level of the DE membrane, the ratio of electrode and DE thickness, and the voltage scan rate was studied experimentally, and we achieved a maximum areal strain of 77% with a double layer DE film at 250% prestrain and a voltage scan rate of 200 V/s. Despite the differences between the theoretical and the experimental settings, a reasonable quantitative agreement was observed between the experiments and model simulations. While the actuator performance is impeded by the presence of solid electrodes, their use offers advantages as well, such as structural stability, compatibility with more complex polymer systems, or the potential for frameless actuator designs. Solid electrodes therefore constitute a viable alternative to fully compliant but otherwise more limited electrode designs.
FIG. 4.
Comparison of experimental and theoretical results with DE membranes of thickness and prestretch as indicated. Red curves correspond to the electric breakdown limit; red dots on the dotted blue curves represent the maximum achievable strain. A combined electrode thickness of H 2 ¼ 120 lm was used for the simulations.
